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Ammonium Ions in Liquid Water: A First-Principles
Study
Fikret Aydin,a † Cheng Zhan,a † Cody Ritt,b Razi Epsztein,b,c Menachem Elimelech,b Eric
Schwegler,a and Tuan Anh Phama ‡

Understanding ion solvation in liquid water is critical in optimizing materials for a wide variety of
emerging technologies, including water desalination and purification. In this work, we report a
systematic investigation and comparison of solvated K+ and NH+
4 using first-principles molecular
dynamics simulations. Our simulations reveal a strong analogy in the solvation properties of the
two ions, including the size of the solvation shell as well as the solvation strength. On the other
hand, we find that the local water structure in the ion solvation is significantly different; specifically,
NH+
4 yields a smaller number of water molecules and a more ordered water structure in the first
solvation shell due to the formation of hydrogen bonds between the ion and water molecules.
Finally, our simulations indicate that a comparable solvation strength of the two ions is a result of
an interplay between the nature of ion-water interaction and number of water molecules that can
be accommodated in the ion solvation shell.

1 Introduction
Understanding solvation properties of ions in liquid water is essential for predicting and optimizing device performance for a
wide variety of emerging energy and environmental technologies,
including water desalination and purification. 1–5 For instance, in
desalination processes involving reverse osmosis, nanofiltration,
or ion-exchange membranes, water molecules surrounding an ion
are partially removed during ion permeation, which contribute to
the overall energy barrier associated with ion transport through
the pore. 6–8 In this regard, understanding the difference in the
solvation strength among ions is particularly important in determining ion selectivity. 9,10
For the past several decades, extensive studies have been carried out to investigate properties of ions in liquid water and complex environments, such as nanopores and membranes. 11–17 In
the context of ion rejection by membranes, much of the existing
studies have explained the trend in selectivity based on the correlation between the activation energy for ion permeation and
its hydration energy that represents the solvation strength. For
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instance, Epsztein et al. 7 and Richards et al. 18 showed that fluoride anion experiences the highest energy barrier for transport
through polyamide membranes among halide anions, which can
be attributed to a much higher hydration energy of the ion. More
recently, several studies show that ion selectivity can be more
complex, as it may depend not only on the hydration energy but
also on the size, shape and chemical compositions of the ions.
For example, recent studies show that the unique geometry of the
solvation structure of nitrate is largely responsible for the ion to
be electrosorbed preferentially over chloride ion in ultramicroporous carbons and ion-exchange membranes. 8,19 In this regard, a
detailed understanding of how solvation properties vary accross
ions with different chemical composition, size and shape is critical
for optimizing materials for selectivity. 20
In this work, we present a detailed investigation and comparison of solvation properties of two common cations, K+ and NH4+ ,
in liquid water using first-principles molecular dynamics (FPMD)
simulations based on density functional theory. Our study of NH+
4
is motivated by the importance of the ion in a number of chemical
and biological processes, such as protein folding in living organisms, 21,22 and in several emerging technologies, including design
of synthetic receptors 23 and water treatment. 24,25 For instance,
NH+
4 removal from wastewater is of particular importance as it
is a major component of the nitrogen species in wastewaters, for
which a high concentration can lead to eutrophication of natural waterways. 26 Finally, from a more fundamental perspective,
NH+
4 is a relatively simple polyatomic ion that represents an ideal
1–9 | 1
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candidate to be compared to other well-studied alkali metal ions.
+
Here, we chose to compare NH+
4 to K as these two ions are
known to exhibit very similar solvation properties in liquid water despite the fact that they possess rather different chemical
compositions and ionic radius. 27 Specifically, it has been reported
that NH+
4 yields a hydration energy of 285 kJ/mol, which is only
about 10 kJ/mol smaller than that of K+ . 27 In this regard, we
aim to elucidate the origin of the comparable hydration energy of
the two ions, and to understand how the solvation strength of the
ions is governed by the their chemical composition.
The remainder of the paper is organized as follows. First, we
describe our computational methods, including the construction
of the solution model and the details of our first-principles calculations. Then, we discuss our results regarding the comparison
in the solvation strength and structures between solvated K+ and
NH+
4 , and we elucidate the origin of the comparable hydration
stability of the two ions. Finally, we discuss our main conclusions.

2 Methods
All solutions were modeled by periodic cubic cells consisting of 63
water molecules and a single solvated ion, with the excess charge
compensated by a uniform background charge. The size of the
cells was chosen to yield the experimental density of liquid water
under ambient conditions, which results in a salt concentration of
0.87 M for both solutions. Our first-principles simulations were
carried out using Born-Oppenheimer MD with the Qbox code, 28
with the interatomic force derived from density functional theory
(DFT) and the Perdew, Burke, and Ernzerhof (PBE) approximation for the exchange-correlation energy functional. 29 The interaction between valence electrons and ionic cores was represented
by norm-conserving pseudopotentials, 30 and the electronic wave
functions were expanded in a plane-wave basis set truncated at
a cutoff energy of 85 Ry. All hydrogen atoms were replaced with
deuterium to maximize the allowable time step, which was chosen to be 10 atomic units. The equilibration runs were carried out
at an elevated temperature of T=400 K in order to recover the experimental water structure and diffusion, while also providing a
good description of the ion solvation at room temperature. 31–33
The FPMD simulations were carried out at a constant temperature (NVT condition) using a velocity scaling thermostat. For
each solution, we performed five runs in parallel, starting with
different uncorrelated samples. In total, we collected over 200 ps
(5×40 ps) of simulation data for each solution. For each run, the
analysis was then carried out using 30 ps after 10 ps equilibration; accordingly, the results presented below for each solution
were obtained using around 150 ps production simulations. We
have also carried out a shorter simulation (20 ps) of NH+
4 using a
more sophisticated Bussi-Donadio-Parrinello (BDP) thermostat, 34
and we find that the change of the themostat does not affect the
ion solvation structure within the statistical error of the simulation (see ESI).
We note that, beside the PBE functional, a large number of
more sophisticated approximation for the exchange-correlation
functional has been recently employed for the simulation of liquid water. For instance, it has been shown that the inclusion of
van der Waals (vdW) corrections to the PBE functional improves
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the description of structural properties of liquid water. 35–37 Similarly, the use of the PBE0 hybrid density functional that includes
25 % of the non-local Hartree-Fock exchange energy leads to a
better description of structural properties of water beyond that of
PBE; 38 and an even better agreement with experiment was obtained when the vdW correction is combined with the PBE0 functional. 36 More recently, it was shown that the use of a dielectricdependent hybrid (DDH) density functional with a fraction of
exact exchange defined as the inverse of the high-frequency dielectric constant of liquid water leads to an excellent description of not only structural and dynamical properties but also the
electronic structure of liquid water. 39 Finally, employment of the
SCAN meta-GGA functional at a temperature of 330 K was also
shown to provide a very good description of liquid water at ambient conditions. 40,41 In this work, our simulations were carried
out using the PBE functional at an elevated temperature, as this
simulation protocol has been shown to provide a reasonable description of liquid water and complex solutions, such as those
with solvated ions and at heterogeneous interfaces, at a low computational cost. 31,42–50 We note that the use of more accurate
functionals, such as hybrid functionals, for the long simulation
times presented here would involve significant computational resources. 51–53
In addition to the investigation of ion solvation structure using
MD simulations, we also estimated ion solvation energy (∆Esol )
based on cluster calculations. Specifically, ∆Esol was approximated as the binding energy of the X + (H2 O)n clusters, where
X ≡ K+ or NH+
4 , and n is the number of water molecules in the
first ion solvation shell. In this way, the solvation energy of the
ion is estimated as
∆Esol = EX + + E(H2 O)n − EX + (H2 O)n ,

(1)

where EX + (H2 O)n , E(H2 O)n , and EX + are the energies of the
X + (H2 O)n and (H2 O)n clusters, and the ion X + in vacuum, respectively. In these calculations, configurations of the X + (H2 O)n
clusters were extracted directly from the FPMD simulations.
Specifically, the solvation energies were computed for 500 configurations of X + (H2 O)n extracted at equal time intervals (0.3 ps)
from the corresponding FPMD simulations. For each cluster, the
number of water molecules, n, was determined using the distance
cutoff as the first minimum of the radial distribution function between the ion and water oxygens. We note that our calculation
of the ion solvation energy does not take into account the contribution of the solvation entropy, which is generally small (3-4% of
the total solvation free energy for K+ ). 54

3 Results and Discussion
3.1 Analogies in the Ion Solvation
Our initial examination of solvated K+ and NH+
4 is based on the
analysis of radial distribution functions (RDF) between the ions
and water oxygen atoms, gXO (r), where X is K+ or the nitrogen
+
atom of NH+
4 . Focusing first on K , we find that the first maximum of gKO (r) shown in Fig. 1 is located at 2.77 Å, which is in
good agreement with the experimental value of 2.73–2.79 Å determined by X-ray adsorption measurements. 55,56 Interestingly,
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Fig. 1 Ion–oxygen radial distribution functions, gXO (r), for solvated K+
and NH+
4 in liquid water, as obtained from first-principles molecular dynamics simulations. Blue and red lines indicate results obtained for X
corresponding to K+ and nitrogen atom of NH+
4 , respectively.

we find that the experimental peak position is reproduced at a
similar accuracy (within 0.02 Å) as the SCAN functional, 56 although the latter represents a more sophisticated approximation
for the exchange correlation energy compared to the PBE functional that is currently employed. 57,58 While this observation indicates that our simulation protocol provides a reasonable description of the ion solvation structure, it is necessary to emphasize that nuclear quantum effects (NQEs), which are not fully included in these simulations, may play additional important role
in the description of structural and dynamical properties of the
ions. For instance, it has been shown that a good description of
dynamical properties of liquid water obtained with the revPBED3 functional and a classical treatment of the nuclei was partially
due to a cancellation of errors in the functional and the neglect of
NQEs. 37
Notably, when compared to K+ , Fig. 1 shows that NH+
4 exhibits
an analogous RDF, both in the peak position and intensity. For instance, the RDF obtained for NH+
4 yields a value of 2.78 Å for the
position of the first maximum, which is only within 0.1 Å compared to that of K+ . In addition, we find that the first RDF minimum of K+ is located at 3.71 Å, which is slightly larger than that
of NH+
4 (3.54 Å). Our initial structural analysis therefore points
to a distinct similarity in the size of the first solvation shell of K+
and NH+
4 . While this conclusion leads to an impression that the
two ions would yield similar solvation properties, as we discuss in
more detail below, the local solvation structure sourrounding K+
and NH+
4 can be significantly different.
3.2 Differences in the Water Structure in the Ion Solvation
In order to elucidate the difference in the local solvation structure
of K+ and NH+
4 , we calculated the number of water molecules in
the first solvation shell of the ions, nXO . Here, nXO was obtained
by integrating the corresponding RDFs to their first local minimum. We find that the number of water molecule in the ion solvation shell is smaller for NH+
4 , yielding an average value of 5.2

as compared to a corresponding result of 6.8 for K+ . The distribu+
tions of nXO shown in Fig. 2a also indicate that NH+
4 and K prefer an oxygen coordination number of five and seven in the first
solvation shell, respectively. These results indicate that the water
structure surrounding K+ and NH+
4 is rather different, which is
further illustrated in Fig. 2b-c, where the typical solvation struc+
tures of NH+
4 and K are presented. We note that our results for
the number of water molecule in the ion solvation shell presented
here are also in agreement with values of 6.0-6.1±1.0 55,59 and
5.3-5.8 60,61 previously reported for K+ and NH+
4 , respectively.
In addition to the oxygen coordination number, the difference
in the water structure surrounding the ion can be obtained by
examining the ion-oxygen incremental RDFs. Specifically, these
incremental RDFs separate the overall RDF distribution presented
in Fig. 1 into contributions from the closest water molecules. As
shown in Fig. 3, despite the total ion-oxygen RDFs of NH+
4 and
+
K are similar, we find that the incremental RDFs of the two ions
are substantially different. Specifically, it is found that K+ has
five tightly bound water molecules in the first solvation shell, and
that the sixth and seventh water molecules bridging the first and
second hydration shells. On the other hand, the first solvation
shell of NH+
4 is formed by four tightly bound water molecules
and a fifth water molecule that is exchanged between the first
and second solvation shell.
Notably, Fig. 3 shows that the incremental RDFs of NH+
4 are
more tighly packed. In particular, we find that their peak positions
are distributed within a narrower range of 2.7–3.3 Å as compared
to the corresponding value of 2.6–3.6 Å obtained for K+ . This
suggests that water molecules in the first solvation shell of NH+
4
is generally more uniformly distributed than K+ . This conclusion
is further corroborated by examining the distribution of the tilt
angle between dipole moment vectors of water molecules and the
vector joining the water’s oxygen and the cations, shown in Fig. 4.
We find that the tilt angle computed for water molecules in the
first solvation shell of the two ions exhibit a similar distribution,
with a peak centering around 130◦ . However, the NH+
4 distribution is slightly narrower and yields a higher intensity in the main
peak. In addition, the tilt angle computed for NH+
4 yields an average value of 123.8◦ as compared to 119.7◦ obtained for K+ . Such
a larger average tilt angle obtained for NH+
4 is consistent with the
analysis of incremental RDFs, indicating that water structure in
+
the first shell of NH+
4 is generally more ordered than that of K .
Next, to better understand the ordering of water molecules in
the solvation shell of NH+
4 , we investigated in more detail the RDF
between hydrogen atoms of the ion and water oxygens. As shown
in Fig. 5a, we find that the coordination number of each hydrogen of NH+
4 is 1.0, as obtained by integrating the RDF up to the
first minimum. This indicates that the four water molecules that
reside within the first solvation shell are hydrogen bonded with
the hydrogen atoms of ammonium, and together form a distinct
tetrahedral cage around the ion, as clearly shown in the spatial
distribution function of oxygen around the ion shown in Fig. 5b.
We also find that the fifth water molecule that bridges the first
and second solvation shells of the ion is more mobile, and tends
to occupy the center of the tetrahedral faces defined by the other
four water molecules. Overall, our analysis indicates that the or-
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+
Fig. 2 (a) Histograms of the oxygen coordination number in the first solvation shell around NH+
4 (red) and K (blue) ions in liquid water. The first
minima in the corresponding gXO (r) were used as distance cutoffs for determination of the first solvation shells. Typical solvation structures of NH+
4 (b)
and K+ + (c) with five and seven water molecules in the first shell, respectively.

dering of water structure near NH+
4 is related to the formation of
hydrogen bonds with the ion, consistent with results reported in
previous first-principles studies. 60,62
Our simulations therefore indicate that although K+ and NH+
4
exhibit a similar size of the ion solvation shell, the local water
structure around the two ions is rather different. More specifically, it is shown that NH+
4 yields a smaller number of water
molecules in the first solvation shell, and these water molecules
exhibit more ordered structure compared to those of K+ due to
the formation of hydrogen bonds with hydrogen atoms of NH+
4.
3.3 Strength of the Ion Solvation
We now turn to discuss the solvation strength of the two ions,
which is directly related to their hydration energy. This quantity
is particularly important as it defines the ion solvation structure as
well as the energetics and kinetics of ion selectivity. 20 Histogram
of the solvation energy computed using Eq. 1 is shown in Fig. 6
for K+ and NH+
4 . We find that the two ions exhibit a very similar
distribution; nevertheless, a closer investigation shows that the
average binding energy of NH+
4 -water clusters is slightly smaller
by about 4.7 kJ/mol when compared to that of K+ -water ones.
This conclusion is in line with existing experimental data, where
it was shown that the hydration energy of NH+
4 is only about
10 kJ/mol smaller than that of K+ . It is also important to point
out that K+ yields an average value of ∆Esol = 239.4 kJ/mol at
the PBE level of theory, which is in reasonable agreement with
the experimental value of 295 kJ/mol for the hydration energy
of the ion. 63 Our results therefore indicate that the ion hydration
energy is largely determined by the interactions between the ion
and water molecules that constitute the first ion solvation shell,
and that cluster calculations employed here provide a reasonable
estimate for the hydration energy of the ions.
Collectively, our results show that, although K+ and NH+
4 exhibit distinct differences in the neibouring water structure, they
yield a rather similar solvation strength. Interestingly, we find
that NH+
4 yields a slighly weaker solvation energy compared to
K+ although it yields a more ordered water structure in the first
solvation shell. This, however, contradicts the common behavior of simple monovalent ions, such as halide and alkali metal
ions in liquid water, where it is known that the ions that exhibit
a more ordered water structure also possess a stronger hydration
4|
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energy. 64,65 As we discuss below, a comparable solvation strength
of K+ and NH+
4 stems from a complex interplay between several
factors, including the nature of the ion-water interaction, and the
number of water molecules that can be accommodated in the ion
solvation shell.
3.4 The Role of Ion-Water Interaction
In order to understand the origin of a more ordered water structure in the first solvation shell of NH+
4 , as well as the solvation
+ , it is instructive to investigate in more
strength of NH+
and
K
4
detail the ion-water interaction of the two ions. To this end, we
computed and compared the binding energy of the ions with the
same number of water molecules. Specifically, this is obtained by
considering ion-water cluster contaning a single water molecule,
as well as five and seven water molecules. The latter scenarios
respresent preferred water coordination numbers in the first sol+
vation shell of NH+
4 and K .
We find that, for the system consisting of a cation and a single water molecule, NH+
4 yields a stronger binding energy with
the water molecule by about 22.4 kJ/mol than K+ . Moving to
more complex ion-water clusters, we report in Figure 7a-b histograms of the ion-water binding energies computed for clusters
with five and seven water molecules, respectively. Here, similar
to the calculation of ∆Esol discussed above, the binding energies
were obtained using 500 configurations extracted from the corresponding FPMD simulations. We find that for the same number of water molecules, the ion-water binding energy is always
larger for NH+
4 . Specifically, for the ion-water cluster containing
five water molecules, the binding energy computed for NH+
4 is
stronger than that of K+ by 18.4 kJ/mol at the PBE level of theory.
This difference is reduced for the larger clusters with seven water
molecules; however the ordering in the solvation energy remains,
with the binding energy of the NH+
4 cluster is about 7.3 kJ/mol
larger. This observation indicates that the ion-water interaction
is generally stronger for NH+
4 , which explain for a more ordered
water structure in the first solvation shell of the ion compared to
K+ .
Although the conclusion of a stronger ion-water interaction for
NH+
4 is consistent with the fact that the ion yields a more ordered water structure in the first solvation shell, this does not
explain why NH+
4 has a slightly overall weaker solvation energy
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Fig. 4 Distribution P(α ) of the tilt angle (α ) between the oxygen-ion position vector and dipole moment vectors of water molecules within the first
solvation shell of K+ (blue) and NH+
4 (red).

Fig. 3 Incremental ion-oxygen radial distribution functions computed for
K+ (upper panel) and NH+
4 (lower panel) ions in liquid water. The dashed
lines indicate the position of the first minimum of the corresponding total
RDF shown in Fig. 1.

∆Esol compared to K+ as discussed above. For the latter, a possible explanation is related to a larger number of water molecules
involved in the first solvation shell of K+ (6.8) compared to NH+
4
(5.2), which in turn introduces additional ion-water interaction
that stabilize the ion solvation of K+ . This is indeed supported
by our calculations, where we find that the binding energy computed for K+ clusters with seven water molecules is stronger by
9.38 kJ/mol than that computed for NH+
4 clusters with five water molecules. We emphasize again that five and seven water
molecules correspond to the preferred coordination numbers in
+
the first solvation shell of NH+
4 and K , respectively.
Our simulations therefore indicate that the overall solvation
strength of the ion is not only determined by the ion-water interaction, but also by the number of water molecules in the
shell. In particular, K+ can accomodate a larger number of water molecules, which leads to an overall slightly stronger ion solvation strength compared to NH+
4 . On the other hand, even
though NH+
appears
to
interact
more strongly with individual
4
water molecules, the overall solvation strength is slightly weaker
due to its unique chemical composition that limits the total num-

ber of water molecules in the solvation shell. More specifically,
the presence of four hydrogen atoms that can form relatively stable hydrogen bond with surrounding water is responsible for a
smaller number of water molecules in the solvation shell of NH+
4.
Finally, we briefly discuss existing studies of solvated ions using
continuum models, and how they are related to the current findings. Recent studies using coarse-grained lattice Monte Carlo simulations and Ginzburg-Landau (GL) theory have pointed to the
saturation of water dipole moment in the first ion solvation shell,
while indicating that this effect plays a dominant role in determining the solvation free energy of solvated ions. 66,67 Along this
direction, it has also been shown that the GL theory successfully
reproduces the solvation energy of various ions in liquid water
and other solvents. 68 Our study provides several evidences that
support these continuum models. Specifically, our simulations
point to ordered water structure around K+ and NH+
4 , which resembles the saturation of water dipole moment near the ions discussed in previous studies. 66–68 In addition, we find that ion solvation energy is largely determined by ion interactions with water
molecules in the first ion solvation shell, also consistent with the
conclusion that saturation of water dipole moment plays a dominant role in determining the solvation energy. Last but not least,
in line with these existing continuum models, our first-principles
simulations point to the importance of solvent reorganization and
dielectric inhomogeneity in the description of solvated ions. 69

4 Conclusions
We investigated the solvation properties of K+ and NH+
4 in liquid
water using first-principles molecular dynamics simulations based
on density functional theory. Our simulations reveal strong similarities in the overall solvation of the two ions. In particular, we
find that the two ions exhibit a similar size in the solvation shell
as well as solvation strength. On the other hand, we find that
the local water structure in the ion solvation is significantly different. Specifically, it is shown that NH+
4 yields a smaller number
of water molecules in the first solvation shell, i.e., 5.2 compared
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Fig. 6 Distribution of the solvation energy (∆Esol ) estimated from the
binding energy of the X + (H2 O)n clusters, where n is the number of water
molecules in the first ion solvation shell, and X ≡ K+ (blue) or NH+
4 (red).
The results were obtained for 500 structural configurations extracted at
equal time intervals from first-principles simulations of each solution.

Fig. 5 Upper panel: Radial distribution function computed for water oxygen and hydrogen of NH+
4 (black), and the corresponding integrated oxygen coordination number (blue); Lower panel: Spatial distribution function of water oxygen around the cation.

to a value of 6.8 for K+ . In addition, our analysis shows that
water molecules in the solvation shell of NH+
4 exhibit more ordered structure compared to those of K+ due to the formation of
hydrogen bonds with hydrogen atoms of NH+
4.
Our simulations point to a complex interplay between the nature of ion-water interactions and the number of water molecules
in the solvation shell on the strength of ion solvation in liquid water. Specifically, we show that the larger NH+
4 ion yields a slightly
weaker solvation energy than K+ by about 4.7 kJ/mol, despite
exhibiting a stronger interaction with individual water molecules.
We find that this counterintuitive behavior is related to the unique
chemical composition of NH+
4 that results in a smaller number of
water molecules in the first solvation shell compared to K+ . For
the latter, the presence of a larger number of water molecules
in the solvation shell introduces additional ion-water interactions
that stabilize the ion solvation, leading to a slightly larger solvation energy than NH+
4.
Finally, in the context of ion selectivity, a slightly smaller solva+
+
tion energy of NH+
4 compared to that of K implies that NH4
6|
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is easier to be desolvated and migrate into nanopores or ionexchange membranes. However, it is important to emphasize that
the activation energy for ion transport through, e.g., membranes
also depends on the chemistry of the membranes. For instance, it
was shown in a recent study that although NH+
4 exhibits a slightly
smaller solvation energy, it experiences a higher activation energy compared to K+ for ion permeation in ion-exchange membranes. 8 In this regards, additional interactions with membranes
may play an important role due to the difference in the chemi+
cal composition between NH+
4 and K , which will be the topic of
future studies.
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